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Objective: Sleep deprivation (SD) leads to the disturbance of the estrous cycle. Serotonin, the levels of
which increase with SD, has been shown to inhibit luteinizing hormone production and the receptor has
been found in the follicles. In this study, the serotonin effect on preovulatory follicular steroidogenesis is
investigated and the underlying mechanisms are elucidated.
Materials and methods: Female rats were subjected to SD for a time span of 1e4 days using the dish-
over-water-method with a Rechtschaffen apparatus. Serum estradiol and serotonin concentrations
were assessed; thereafter, they were evaluated with the effect of serotonin on the estradiol production
and steroidogenic acute regulatory (StAR) protein expression in a serum-free culture system. Preovu-
latory follicles were dissected mechanically from the ovaries of 21-day-old rats, which induced follicle
growth, and cultured for 24 hours with or without recombinant human follicle-stimulating hormone
(FSH) in the presence or absence of serotonin.
Results: SD, led to a signiﬁcant decrease in serum estradiol concentrations, while serotonin concentra-
tions were signiﬁcantly elevated (all p < 0.05). Follicles were cultured with a constant dose of FSH
(50 mIU/mL) and increasing doses of serotonin, estradiol production was reduced by 20%. The inhibitory
effect of serotonin was concentration dependent. The addition of serotonin (0.1 mg/mL) decreased FSH-
induced estradiol production and attenuated FSH-stimulated follicular StAR protein expression. The
inhibitory effects of serotonin could be reduced by the serotonin receptor antagonist ketanserin.
Conclusion: These ﬁndings suggest that decreased serum estradiol concentrations in SD rats may be the
result of serotonin-related inhibition of estradiol production and decreased large follicle expression of
StAR protein.
Copyright © 2015, Taiwan Association of Obstetrics & Gynecology. Published by Elsevier Taiwan LLC. All
rights reserved.Introduction
Epidemiological observations indicate that sleep deprivation
(SD) is associated with deleterious effects on human health and
functioning in developed countries [1e3]. Indeed, it is well
accepted that SD can inﬂuence the reproductive endocrine systems
functioning [4]. In females, a regular ovarian cycle is important forand Gynecology, Changhua
0, Taiwan, ROC.
bstetrics & Gynecology. Publishedreproductive function. Evidence from both human and animal
studies has shown that SD is associated with irregular ovarian cy-
cles resulting in anovulation [4,5]. This is clinically important as
irregular estrous cycles and gonadal dysfunctions potentially
decrease fertility [6].
It is presently unclear precisely how SD inﬂuences ovarian
function. In addition to gonadotropins, ovarian function is known
to be regulated by a number of neurotransmitters and neuropep-
tides, including serotonin (5-HT) [7e10]. Undeniably, serotonin has
been found in the follicular ﬂuid [10]. Both tryptophan-5-
hydroxylase, the serotonin synthesis enzyme, and serotonin re-
ceptors have been localized in granulosa cells isolated from theby Elsevier Taiwan LLC. All rights reserved.
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studies show that serotonin has been indicated to stimulate
estradiol production by hamster preovulatory follicles and
enhanced progesterone production of human luteinized granulosa
cells [11,12]. Several animal studies have found that SD could in-
crease the serotonergic neuron activity and then increase the
serum level of serotonin [13e15]; hence, it is possible that the
disturbed ovarian function associated with SD may be due to
serotonin-related action. The current study tested this possibility
by examining serum estradiol, serotonin, and corticosterone con-
centrations in total sleep deprived rats, as well as growth and se-
rotonin receptor expression of ovarian preantral follicles. The
research also examined follicular protein levels of aromatase and
steroid acute regulatory (StAR) protein. StAR is the transporter of
cholesterol that carries the cholesterol from the outer mitochon-
drial to the inner mitochondrial membrane, and is the rate-limiting
mediator of steroidogenesis [16].
Materials and methods
Animals and animal preparation
A total of 48 female Wistar rats (8 weeks old) were obtained
from BioLASCO Taiwan Co., Ltd (Taipei, Taiwan, R.O.C.). The rats
were housed in a light-dark controlled facility (12 hours light: 12
hours dark) at a temperature of 25C with food and water provided
ad libitum. All procedures performed on animals were approved by
the Research Animal Resource Center Committee at Changhua
Christian Hospital, Changhua, Taiwan. The rats were divided into
eight groups of six. Firstly, the rats were divided into sham and SD
groups. Subsequently, the animals entered the phase of estrous
cycle by vaginal smear. Through the estrous phase, the SD experi-
ments were carried out between 1 day and 4 days. Rats of sham and
SD groups were deeply anesthetized (ketamine þ xylazine) for
surgical preparation. Four stainless steel screw electrodes were
implanted in the skull (frontal and parietal bones) of all rats in
sham and SD groups for electroencephalogram (EEG) recording.
The electrodes were soldered to a connector and attached to the
cranium with acrylic dental cement. After surgery, penicillin and
diclofenac were administered, allowing the animals to recover for
15 days.
Experimental procedure and recording
The SD procedure was accomplished using the dish-over-water-
method with Rechtschaffen apparatus as described in a previously
study [17]. Brieﬂy, the apparatus consists of two rectangular clear
plastic chambers placed side by side for the simultaneous study of
two rats. Beneath each side of the dish and extending to thewalls of
each chamber was a tray containing water at a depth of 2e3 cm.
Rats were acclimatized to the water-disc cages for 5 days before
experimentation. The EEG computer monitoring system (Mp150:
BIOPAC systems, Inc., Goleta, CA, USA) with AcqKnowledge data
acquisition software (BIOPAC systems, Inc., Goleta, CA, USA) was
connected to the electrode of the SD group of rats. Sleep state was
controlled by an automatic monitor of the root mean square of the
EEG-theta wave. Upon detection of a sleep state, the computer
triggered the motor beneath the disc to rotate in a counterclock-
wise direction at a speed of 3.5 rpm. With rotation of the disc, the
rats had to move in a clockwise direction in order to avoid being
propelled into the water. Disc rotation was ceased when the sleep
state was no longer detected. The sham rats with the implanted
electrodes were not connected to the EEG computer monitoring
system, and were not in the water-disc cage. In the sleep depriva-
tion period, rats had ad libitum access to food and water.Blood sampling and hormone determination
At the end of the experiment rats were decapitated and bloodwas
collected in glass tubeswhichwere stored on ice to allowcoagulation.
Serum was isolated following refrigerated centrifugation (4C) at
3000 rpm for 30 minutes. Samples were then stored at 80C until
assay. Estradiol, corticosterone, and serotonin concentrations were
determined using commercial enzymatic assays kits, which were
purchased fromALPCODiagnostic Inc. (Salem,NH,USA). Samples from
all groupswere analyzedon the sameday foreachhormoneassay. The
assayshad the following intra- and interassaycoefﬁcients of variation:
estradiol, both < 10.1%; corticosterone, both < 6.1%; and serotonin,
both < 6.0%. The sensitivities of the estradiol, corticosterone and se-
rotonin assays were 10 pg/mL, 0.04 ng/mL, and 5 ng/mL, respectively.
Large follicle isolation and culture
The techniques for ovarian follicle isolation and culture were
used as previously reported [18,19]. To induce follicle growth,
immature female Wistar rats (21-day old) obtained from BioLASCO
were treated by administering an intraperitoneal injection with
10 IUpregnantmare serumgonadotropin (PMSG; Sigma-Aldrich, St.
Louis, MO, USA) for 24 hours. The animals were sacriﬁced with
cervical dislocation; ovaries were removed, trimmed of adhering
tissues, and placed in 60-mmdishes containing a-Minimal Essential
Medium (a-MEM; Hyclone, Logan, UT, USA)with 0.1% bovine serum
albumin (BSA) for follicle dissection. Using a dissecting microscope
and watchmaker's forceps, the large follicles (300 mm in diameter)
were dissected from the ovary. Follicles from six animals were
pooled for each experiment. Each group of experiments was per-
formed three times. Five follicles per dish (35 mm  10 mm) were
randomly chosen from the pool and cultured at 37C in a moist at-
mosphere of 5% CO2 and 95% air in 1.5 mL culture medium (a-MEM
with 0.1% BSA supplemented with insulin, transferrin, linoleic acid
and selenium (ITLS; insulin, 10 mg/mL; transferrin, 5.5 mg/mL; lino-
leic acid, 4.7 mg/mL; and selenium, 5 mg/mL); Sigma-Aldrich, Inc.)
and Pen/Strep (penicillin, 100 IU/mL; and streptomycin, 100 mg/mL;
Sigma-Aldrich, Inc.) with or without follicle stimulating hormone
(FSH; Gonal-F, Serono Pharm., Geneva, Switzerland) in the absence
or presence of increasing concentrations of serotonin or as indi-
cated. At the end of incubation, follicles were solubilized in radio-
immunoprecipitation assay (RIPA) lysis buffer with a protease
inhibitor for extracting total cellular protein for subsequentWestern
blot analysis, and the media was collected for the determination of
estradiol level by enzyme-linked immune assay (EIA).
Quantiﬁcation of viable follicle cells
Cell viability was veriﬁed by cell proliferation colorimetric assay
(CellTiter 96 Aqueous One Solution Cell Proliferation Assay;
Promega Corporation, Madison, WI, USA), according to the manu-
facturer's instructions. At the completion of the experiments, each
follicle was transferred to a well containing 100 mL phosphate
buffered saline (PBS) with 0.1% BSA, 20 mL MTS reagent was added
and the plate was incubated at 37C in a humidiﬁed 5% CO2 at-
mosphere for 4 hours. At the end of incubation, the follicles were
removed to avoid disturbing the assay, the absorbance values were
recorded at 490 nm using a 96 well ELISA reader (Dynex Technol-
ogies, Chantilly, VA, USA). Replicates of ten follicle absorbance
values were calculated and compared with a control.
Western blotting
Five follicles per treatment were collected at the end of exper-
imentation and homogenization (using a plastic rod) was
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ular protein were boiled and subjected to standard SDS-PAGE
procedures. Protein in gels were transferred to a polyvinylidene
diﬂuoride membrane (Bio-Rad, Hercules, CA, USA) using a semidry
electrotransfer apparatus (E-C Apparatus Co., Holbrook, NY, USA)
and membranes were blocked by incubating for 60 minutes in
blocking buffer (PBS buffer containing 0.5% Tween 20 and 4% nonfat
dry milk). This was followed by an overnight incubation with anti-
StAR (1:400; Serotec, Oxford, England), anti-5-HT2A receptor (1:
500; Santa Cruz Biotechnology, Santa Cruz, CA, USA), or anti-b-actin
(1:2500; Sigma-Aldrich Inc.) antibodies at 4C. After three washes
of 5minutes eachwith PBS-Tween 20 (PBST) buffer (blocking buffer
without milk), membranes were incubated for 60 minutes with
horseradish peroxidase-conjugated goat anti-mouse immuno-
globulin G (1:25,000; Chemicon, Temecula, CA, USA) at room
temperature. After three washes with PBST, membranes were
developed using the enhanced chemiluminescence detection sys-
tem (Biological Industries Co. Beit Haemek, Israel). The intensities
of the bands were measured using the MultiImageTM computer-
assisted image system (Alpha Innotech Co., San Leandro, CA, USA).Statistical analysis
Data are presented as mean ± standard deviation. Data was
analyzed using the nonparametric ManneWhitney U test. All sta-
tistical assessments were two-sided and evaluated at the 0.05 level
of statistical signiﬁcance. Statistical analyses were performed using
SPSS version 15.0 software (SPSS Inc., Chicago, IL, USA).Fig. 1. Stages of the estrus cycle and changes in serum (A) estradiol; (B) corticosterone; an
Est ¼ estrus; Pro ¼ proestrus. Sham group rats were allowed to sleep; SD group rats were sle
days of sleep deprivation. Values are the mean ± SD of six animals. *p < 0.05 compared wResults
Serum estradiol, serotonin, and corticosterone levels
There was a signiﬁcant difference in serum estradiol levels be-
tween the sham and SD groups during the phase of estrous cycle
(all p < 0.05, Fig. 1A). In the sham group, the estradiol level was
presented with periodical changes. This cyclical change was absent
in the SD group. In the proestrous phase, deprived sleep occurred
for 1 day; there was no signiﬁcant difference in estradiol concen-
trations between the sham and SD groups. After 2e3 days of sleep
deprivation, estradiol levels in the SD group were higher than the
sham group with a signiﬁcant difference. When the SD group
lacked sleep for 4 days, the sham group engaged into the proestrous
phase following increased estradiol concentration, while the
estradiol level in the SD group did not increase. After 2e4 days of
sleep deprivation, serum corticosterone levels were signiﬁcantly
higher in the SD groups compared to the sham groups during the
estrous cycle (all p< 0.05, Fig.1B). Therewas a signiﬁcant difference
in serum serotonin levels between the control and sham groups
during the estrous cycle (all p < 0.05, Fig. 1C).
Large follicle cultures and viability of follicular cells
Large follicle cultures were established to examine the cell
viability of follicular cells after 5-HT2A receptor activation, since
serotonin can exhibit pro-proliferative or antiapoptotic effects in
different tissues after binding to its receptors [20,21]. In Fig. 2,
cultures were treated with or without 50 mIU/mL FSH in thed (C) serotonin concentrations in rats following sleep deprivation (SD). D ¼ diestrus;
ep deprived for 1e4 days, respectively. The number between parentheses indicates the
ith the sham group.
Fig. 2. Effects of serotonin on estradiol release (A) and cell viability (B) of rat large
follicles. Regulation of cell viability with or without follicle-stimulating hormone (FSH;
50 mIU/mL) in the presence of various doses of serotonin. Data are presented as
means ± SD. *p < 0.05 compared with serotonin (0 ng/mL), FSH (0 mIU/ml) group.
**p < 0.05 compared with the FSH (50 mIU/mL) only group. ***p < 0.05 compared with
the serotonin (100 ng/mL) and FSH (50 mIU/mL) group.
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estradiol release in the medium was examined with EIA and cell
viability of large follicles was determined with an MTS assay. Se-
rotonin suppressed FSH-induced estradiol release in follicle cell
cultures at the dose of 100 ng/mL, and increased estradiol con-
centration at the dose of 1000 ng/mL (p < 0.05, Fig. 2A). FSH could
increase the follicular cell viability, while there was no difference
among various doses of serotonin with FSH treatment (Fig. 2B).
Large follicle cultures and 5-HT2A receptor activation
Large follicle cultures were established to examine the intra-
cellular signaling pathways after 5-HT2A receptor activation. These
cultures were treated with or without serotonin (100 ng/mL), in the
presence or absence of ketanserin (1mg/mL; an antagonist of the 5-
HT2A receptor) with FSH (50 mIU/mL) for 24 hours. Afterwards, the
estradiol concentration in the culture medium was determined.
Serotonin suppressed FSH-stimulated estradiol release in follicle
cultures, which could be reversed with ketanserin treatment
(Fig. 3A). These results indicated that serotonin mediated through
the 5-HT2A receptor to decrease FSH-induced estradiol secretion.
StAR protein is the rate limiting step in steroidogenesis of estradiol.
To understand whether serotonin could regulate StAR protein
expression to diminish FSH- stimulating estradiol secretion, StAR
protein expression was also examined. In Fig. 3B, the Western blot
analysis of StAR protein demonstrated that serotonin decreasedFSH-stimulated StAR protein expression, the effect was reversed by
ketanserin, which showed an interaction of the effects of serotonin
and ketanserin on StAR protein expression. However, there was no
signiﬁcant difference on the expression of the 5-HT2A receptor
(Fig. 3C). Taken together, these in vitro data demonstrated the role
of the 5-HT2A receptor in StAR expression and estradiol secretion.
Discussion
The study demonstrated that SD caused signiﬁcant differences
in serum estadiol concentrations during the estrous cycle, while
serum corticosterone and serotonin levels were signiﬁcantly
increased following SD. The most remarkable ﬁnding in this study
was the clear-cut changeless in periodically varying of serum
estradiol levels after SD. This ﬁnding is consistent with that re-
ported by Antunes et al. [22]. They found that estrus cycle was
disturbed and plasma estradiol concentrations were signiﬁcantly
decreased following paradoxical SD. Several human studies have
also reported that sleep disturbances are associated with irregular
menstrual cycles [23,24].
The synthesis and secretion of sexual hormones are regulated by
endocrine and neuronal signals, which in turn, are inﬂuenced by
physiological conditions such as stress [18]. As a known physio-
logical stressor, SD unsurprisingly caused a change in serum
estradiol concentrations and irregular estrus cycles in rats.
Although the study did not assess the fertility or sexual function,
decreased estradiol and irregular cyclical patterns of estradiol are
known to have a deleterious effect on sexual function and fertility
in humans [25]. Further study is required to determine whether SD
using the model described here results in decreased fertility.
Serotonin, a neurotransmitter, is thought to regulate target tis-
sue functions via binding to serotonin receptors [21]. Previous
studies have found that serotonin is present in follicular ﬂuid, its
receptors and limiting enzyme in serotonin synthesis, tryptophan
hydroxylase, is expressed in follicular cells [26e30], which indicate
that serotonin could regulate ovarian follicular function. In accor-
dance with previous reports [14,15], it was found that serotonin
concentrations were signiﬁcantly increased following SD; hence, it
is possible that the disrupted estrous cycle associated with SD may
be part of a consequence of serotonin-related inhibition of estradiol
production. Ovaries are innervated with serotonergic nerves and
SD could activate the serotonergic nerve system to enhance sero-
tonin release, therefore, serotonin could be permeated through
follicular membranes to affect granulosa cells [27]. In addition to
activating the serotonergic nerve system, there is no direct evi-
dence to show how SDs increases the serum level of serotonin.
However, SD could reduce the pH of blood which stimulates the
serotonin release from platelets thus dilating vessels to increase
blood ﬂow [27]. This possibility was examined in a PMSG induced
large follicle isolated and cultured in vitro and it was demonstrated
that serotonin suppressed FSH-induced estradiol release in large
follicle cultures at 100 ng/mL (Fig. 2A) without affecting the cell
viability (Fig. 2B). Since low doses of serotonin used in the current
experiments are comparable with the serotonin concentrations in
follicular ﬂuid [10], study observations in vitro may reﬂect pro-
cesses that occur under the physiological inﬂuence of serotonin
in vivo. Higher doses (1 mg/mL or 10 mg/mL)may be considered to be
supraphysiological and this may explain why the cellular responses
to FSH at the serotonin dose of 1000 ng/mL (Fig. 2A) are different
from those seen with a dose of 100 ng/mL serotonin. The current
study observations of inhibition on estradiol release after serotonin
treatments differ from several previously published reports [9,31].
In these cases, the serotonin tended to stimulate progesterone and
estradiol secretion by animal and human granulosa cells. By
contrast, the results agree with the previous observation [32] of a
Fig. 3. Effects of serotonin on estradiol secretion, steroidogenic acute regulatory (StAR) and 5-HT2A receptor protein expression in large follicles cultures. (A) Serotonin suppressed
follicle-stimulating hormone (FSH)-induced estradiol secretion. (B). Serotonin suppressed FSH-induced StAR protein expression. (C). Serotonin had no signiﬁcant effect on FSH-induced
5-HT2A receptor protein expression. Large follicles were treated with or without FSH (50 mIU/mL), serotonin (100ng/mL), and/or ketanserin (1 mg/mL) for 24 hours. Data are
presented as means ± SD. *p < 0.05 compared with the control group, FSH (50 mIU/mL) only. **p < 0.05 compared with the FSH (50 mIU/mL) þ serotonin (100 ng/mL) group.
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cells. These differencesmay be explained by a difference inmaterial
used: all the authors cited above studied isolated granulosa cells
from preovulatory follicles which had primed to human chorionic
gonadotropin, while the experiments conducted in the current
study laboratory contained large-sized follicles that were not
primed to gonadotropin. Although all authors reported the inﬂu-
ence of serotonin on ovarian steroidogenesis, it is possible that the
role of serotonin in the regulation of follicular cell function changes
during follicular development. Further study is required to deter-
mine whether serotonin regulates ovarian follicular development
before large follicle formation.
The rate-limiting step in steroidogenesis is the delivery of
cholesterol from the outer to the inner mitochondrial membrane, a
process that is facilitated by StAR [21]. In the present study, FSH
stimulated StAR protein levels were signiﬁcantly decreased in large
follicles treated with serotonin. By using the antagonist of a sero-
tonin Type 2A receptor, the inhibition effects of serotonin on
estradiol and StAR could be reversed, which indicated that the Type
2A receptor plays a role in serotonin action on the ovarian follicle.
To our knowledge, this is the ﬁrst study to report such a ﬁnding.
This suggests that the serotonin binds to the Type 2A receptor to
decreases follicular StAR expression contributing to the decreased
estradiol release in the medium.
In conclusion, the current research utilized a unique ratmodel of
SD to investigate potential mediators responsible for the decrease
in serum estradiol concentrations following SD. The ﬁndings sug-
gest that estradiol production may be decreased due to a combi-
nation of serotonin-related inhibition and decreased StAR
expression. Additional research is needed to conﬁrm these ﬁndingsin vivo and in vitro and to develop therapeutic targets for the
treatment of ovarian dysfunction.
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